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In the present study a multi response optimization method using utility concept is proposed for wire
electrical discharge machining (WEDM) of Nimonic-80A alloy. The machining characteristics that are
being investigated are material removal rate (MRR) and surface roughness (SR) along with surface
topography of the machined surface. The study makes use of experimentation planned and executed as
per Taguchi's robust design methodology. The Investigation indicated that material removal rate and
surface roughness increases with increase in pulse-on time and decreases with increase in pulse-off time.
Signiﬁcant interactions have been found between pulse-on time (Ton) and pulse-off time (Toff), pulse-on
time (Ton) and peak current (IP), pulse-off time (Toff) and peak current (IP) for material removal rate; and
pulse-on time (Ton) and peak current (IP) for surface roughness. Multi-response optimization with utility
concept provides the collective optimization of both responses for improving the mean of the process.
Copyright © 2014, Karabuk University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
WEDM is a method to cut conductive materials with a thin
electrode that follows a deﬁned path. It is necessary to drill a hole
for machining the workpiece or start from the edge. Machining is
always through the entire workpiece. On the machining area, each
discharge creates a crater in the workpiece and an impact on the
wire electrode. If at some point the amount of stock removed from
the electrode becomes greater than the amount being removed
from the workpiece, the wire electrode breaks and the discharge is
stopped. The dielectric ﬂuid acts as an insulator and cooling agent.
Since no cutting forces are present,WEDM is ideal for delicate parts.
It is possible to make parts with taper or with different proﬁles at
the top and bottom as the wire can be inclined. There is never any
mechanical contact between thewire andworkpiece [13]. Fig.1 [12]
shows the schematic representation of WEDM process.1.1. Nimonic alloys and their applications
Nimonic alloys are valuable in many industries for their resis-
tance to corrosion and their retention of strength as well as otherswami), jatin.tiet@gmail.com
ity.
duction and hosting by Elsevier Bmechanical properties in extreme temperatures [6]. Nimonic alloys
are extensively used for the manufacturing of aeroengine compo-
nents because of its high speciﬁc strength [7]. During prolonged
exposure to elevated temperatures, many types of metal begin to
crack, deform, corrode, fatigue, etc. Nimonic alloys, however, are
known for the retention of important mechanical properties, such
as impact strength, yield strength, and hardness, in temperatures as
high as 1100 F, depending on the grade [6]. Nimonic alloys are
useful in industries where erosion or abrasion of a material could
damage product or where an aesthetic appearance is necessary. The
nominal chemical composition of nimonic alloys ranges from 38 to
76 wt% nickel, up to 27 wt% chromium and 20 wt% cobalt. Other
refractory elements such as tungsten (W), tantalum (Ta) and mo-
lybdenum (Mo) may be added to increase their strength and
oxidation properties. Because of resistance to corrosion, about 50wt
% of material used in aeroengine are nimonic alloys [7] [17] [8].
Fig. 2 [17] shows the evaluation of materials used in aerogas
turbine.
1.2. Problems occur when machining nimonic alloys with
conventional machining
Due to work hardening of the material, notch wear occurs at the
tool nose. The work hardened layer results in burr formation and
these burrs leads to catastrophic fracture of the entire inset edge
[6,8]. During machining, high strength is maintained at elevated.V. All rights reserved.
Fig. 1. Schematic representation of WEDM process [12].
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chip formation. Production of a tough and continuous chip con-
tributes to the degradation of the cutting by seizure and cratering.
High temperature is generated at the tool tip due to the poor
thermal diffusivity of the Nimonic alloy resulting in tool wear [7].
Nimonic alloys work hardens and retain the major part of their
strength during machining resulting in rise to thermal stresses [8];
[4]. During machining of nimonic alloys, there is localization of
shear in the chip which produces abrasive saw-toothed edges. It
makes swarf handling difﬁcult. These alloys have a tendency to
weld with the tool material at high temperature. During machining
of nimonic alloys, the hottest spot is the tool tip, while in case of
machining of steels; it is at some distance from the cutting tip/edge,
resulting in rapid tool wear [4].
A comprehensive literature review has been performed on
various aspects of WEDM process (Table 1). It is evident from the
literature review; almost no has been reported on the machin-
ability of Nimonic 80A usingWEDMprocess. The outcome from this
study would be extremely useful as the technology charts for
WEDM of Nimonic 80A alloy are not easily available.Fig. 2. Evaluation of materials used in aerogas turbines [7].2. Methodology
2.1. Design of experiment based on Taguchi method
The experimental design proposed by Taguchi involves using
orthogonal arrays to organize the parameters affecting the pro-
cess and their levels. Instead of testing all possible combinations
like the factorial design, the Taguchi method tests pairs of
combinations. This allows for the collection of the data to
determining the factors affecting the output most, with a mini-
mum amount of experimentation, thus saving time and re-
sources. Analysis of variance (ANOVA) on the collected data can
be used to select new parameter values to optimize the perfor-
mance characteristic [19]. In order to select the parameters for
this study, a cause and effect diagram for identifying the poten-
tial factors that may affect the machining characteristics (such as
MRR and SR) was constructed (Fig. 3). From the cause and effect
diagram and the available literature on WEDM, total six numbers
of input parameters were ﬁnally selected for this investigation. In
this work, L27 orthogonal array with six control factors viz., Ton,
Toff, IP, WF, WT, SV and three interactions viz. Ton  Toff, Ton  IP
and Toff  IP have been studied. Modiﬁed linear graph (Fig. 4) is
used for the allocation of columns to the input parameters and
interactions in the orthogonal array. Signal to noise ratio was
obtained using Minitab 16 software. Higher is better (HB) for
MRR and lower is better (LB) for SR were taken for obtaining
optimum machining characteristics. The S/N ratio can be calcu-
lated as a logarithmic transformation of the loss function as Eq.
(1) and Eq. (2):
S=NMRR ¼ 10 log10
"
1
n
Xn
i¼1
1
y2i
#
(1)
S=NSR ¼ 10 log10
"
1
n
Xn
i¼1
y2i
#
(2)
2.2. Multi-response optimization using utility concept
2.2.1. Utility concept
A product based on different quality characteristics is accessed
by prospective buyer. The different characteristics are combined
and evaluated by term composite index. Such a composite index
represents the utility of the product. In this paper it is assumed that
the overall utility is the sum of utilities of individual quality char-
acteristics. If Zi is the measure of effectiveness of an attribute i and
there are n attributes evaluating the outcome space, then the utility
function can be expressed as [5].
U ðZ1; Z2… ZnÞ ¼ f ½U1ðZ1Þ; U2 ðZ2Þ…Un ðZnÞ (3)
where Ui(Xi) is the utility of the ith attribute. Assuming that the
attributes have no interactions between themselves, and the
overall utility function is a linear sum of individual utilities, the
function becomes
U

Z1; Z2… Zn

¼
X
Ui ðZiÞ; where i ¼ 1 to n
The overall utility function then can be written as,
U

Z1; Z2… Zn

¼
X
WiUi ðZiÞ; where i ¼ 1 to n (4)
where Wi is the weight assigned to the attribute i
Table 1
Literature review (tabular form).
Sr.
no.
Investigator Material used Experimental design
technique
Input parameters
considered
Output (response) Findings of the study
1 Chiang and
Chang (2006) [3]
Al2O3 Particle
reinforced material
(6061 alloy)
Taguchi's L18 (21  37)
orthogonal array, GRA
Cutting radius,
On-time, Off-time,
Arc on-time, Arc off-time,
Servo voltage, Wire feed,
Water ﬂow.
Surface roughness,
surface removal rate
The arc on-time of discharging, the
arc off-time of discharging, the on-
time of discharge and the servo
voltage have greater inﬂuence for
cutting rate and surface roughness.
2 Liao et al.
(1997) [16]
SKDI1 alloy steel Taguchi's L18 mixed
orthogonal array,
Non-linear Regression
Analysis
Pulse-on time, pulse-off
time, Table feed, Wire
speed, Wire tension,
ﬂushing pressure
Gap width, MRR, SR,
discharging
frequency, gap
voltage, Normal
discharge frequency
ratio
Table feed and pulse-on time have
signiﬁcant inﬂuence on the MRR, gap
voltage and discharge frequency.
Gap width and surface roughness are
mainly inﬂuenced by pulse-on time.
3 Huang and Liao
(2003) [14]
SKDI1 alloy steel Taguchi's L18 mixed
orthogonal array, GRA
Table feed rate, pulse-on
time, pulse-off time, Wire
velocity, Wire tension
ﬂuid pressure
MRR, Surface
roughness, Gap
width
Table feed rate and pulse-on time
have main inﬂuence on the MRR and
pulse-on time have signiﬁcant
inﬂuence on the surface roughness
and gap width.
4 Kanlayasiri and
Boonmung
(2007) [15]
DC53 die steel Full factorial method Pulse-on time, pulse-off
time, Pulse-peak current,
Wire tension
Surface roughness Surface roughness increases when
pulse-on time and pulse-peak
current are increased. There is no
effect of wire tension and pulse-off
time on the surface roughness.
5 Bamberg and
Rakwal (2008) [1]
P-type
gallium-doped
germanium
Brass and molybdenum
wires, Wire dia., Voltage,
Capacitor
Slicing rate, surface
roughness,
The surface roughness is mostly
determined by the capacitance.
50 mm molybdenum wire achieved
the fastest slicing rate.
6 Ramakrishnan and
Karunamoorthy
(2006) [18]
Heat treated
tool steel
Taguchi's L16
orthogonal array
Pulse-on time, wire
tension, delay time, wire
feed speed, ignition
current intensity
MRR, Surface
roughness, wire
wear ratio
Pulse-on time and ignition current
had inﬂuenced more than the other
parameters on MRR, SR and WW
Ratio.
7 Hascalyk and
Caydas (2004) [11]
AISI D2 Tool steel The thickness of white layer and
surface roughness increases with
increase in Pulse duration and o[en
circuit voltage.
8 Azhiri, Teimouri,
Ghameshi and
Leseman (2013) [2]
Al/SiC metal matrix
composite
Taguchi's L27 orthogonal
array, GRA
Pulse-on time, pulse-off
time, Discharge current,
Gap voltage, Wire feed
rate, Wire tension
Cutting velocity,
Surface roughness
Pulse-on time and current are the
most signiﬁcant factors for cutting
velocity and surface roughness.
9 Shayan, Afza and
Teimouri (2013) [21]
Cemented tungsten
carbide
RSM Pulse-on time, pulse-off
time, Discharge current,
Gap voltage, Wire tension
Cutting velocity,
Surface roughness,
oversize
Pulse-on time is the most signiﬁcant
factor for cutting velocity and surface
roughness while gap voltage is the
most signiﬁcant actor for oversize.
10 Fard, Afza and
Teimouri (2013) [9]
Al-SiC metal
matrix composite
Taguchi's L27 orthogonal
array, adaptive
neuro-fuzzy inference
system (ANFIS)
Pulse-on time, pulse-off
time, Discharge current,
Gap voltage, Wire feed
rate, Wire tension
Cutting velocity,
Surface roughness
Pulse-on time and discharge current
are the most signiﬁcant factors for
cutting velocity and surface
roughness. Oxygen gas and brass
wire gives superior cutting velocity.
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To determine the utility value for any quality characteristics, a
preference scale for quality characteristic is constructed. These
scales are allottedweights to get overall utility. The preference scale
chosen [10] is given as.Fig. 3. Modiﬁed linear graph for L27 orthogonal array.Pi ¼ B log ½Zj=Z0 (5)where Zj is the value of quality characteristic j, Z0 is the non-
acceptable value of characteristic j and B is a constant whose
value can be determined as given under:
B ¼ 9= ½log Z=Z0 (6)
B is chosen such that Pi ¼ 9 at Zj ¼ Z*, where Z* is the optimum
value of Zj assuming that such a number exists. The weightage
assigned to various qualities characteristic may be identical or
different, depending upon the relative importance.
The value of the composite measure is then calculated using the
Eq. (7) i.e. overall utility function;
U ðn; RÞ ¼ P1 ðn; RÞ  W1 þ P2 ðn; RÞ  W2 þ…Py ðn; RÞ  Wy
(7)
where, n ¼ trial number; R ¼ replication number, y ¼ number of
quality characteristics.
Fig. 4. Cause and effect diagram for MRR and SR in WEDM.
Table 2
Process parameters with their values at three levels.
Parameters
designation
Process parameters Level 1
(L1)
(machine
unit)
Level 2
(L2)
(machine
unit)
Level 3
(L3)
(machine
unit)
A Ton (pulse-on time) 106 ms 112 ms 118 ms
B Toff (pulse-off time) 30 ms 42 ms 54 ms
C IP (peak current) 80 A 120 A 160 A
D Wire feed 6 8 10
E Wire tension (g) 7 (1020) 9 (1260) 11 (1500)
F SV (spark gap set
voltage)
30 V 50 V 70 V
Constant
parameters
Flushing pressure
(kg/cm2)
01 (15) 01 (15) 01 (15)
Servo feed (mm/min) 2050 2050 2050
Pulse peak Voltage (V) 02 02 02
A. Goswami, J. Kumar / Engineering Science and Technology, an International Journal 17 (2014) 236e246 239The data thus obtained (utility data) is subsequently analyzed by
the appropriate statistical techniques for the optimal setting. The ef-
fect of various input process parameters viz. pulse-off time, pulse-on
time, spark gap set voltage, peak current, wire feed and wire tension
on response variables (MRRandSR) havebeen reported in Section5.1.
3. Experimentation
Experiments were performed on Electronica Sprintcut (Electra-
Elplus 40A DLX) CNC wire electrical discharge machine to study the
material removal rate and surface roughness at different setting of
Pulse-on time (Ton), Pulse-off time (Toff), spark gap set voltage (SV)
peak current (IP), wire feed (WF) and wire tension (WT). Per-
forming a series of experiments, making measurements after every
experiment so that analysis of observed data help to decide what to
do next e “Which parameters should be varied and by howmuch”.
It is therefore necessary to conduct pilot experimentation or trial
experimentation before the ﬁnal process parameters ranges are
decided. In order to observe the trends of inﬂuence for the selected
input parameters, for their effects on MRR and roughness, and to
select the levels of these parameters for ﬁnal experimentation, a
pilot experimentation was conducted using 'one factor at a time'
approach. Each parameter was varied over a wide range while
keeping all other parameters unchanged at a base level, and the
trend of inﬂuence of the parameter was thus obtained. The process
parameters were tested for their effects on MRR and surface
roughness. L27 orthogonal array (three levels) with six input vari-
ables was selected for experimentation. Tables 2 and 3 shows the
various process parameters with their values at three levels and L27
orthogonal array (with six input variables and three interactions
assigned to different columns) respectively.
3.1. Material, test condition and measurement
Nimonic 80A (77.05% Ni, 18.39% Cr, 1.92% Ti, 1.05% Al, 0.63% Fe,
0.2% Mn, 0.19% Si) block of thickness 25 mm was used as work
material. The Microstructures of the work material before
machining with WEDM (Figs. 5 and 6) reveal uniform distributionof Cr in Ni matrix. Also, the grains observedwere found to possess a
considerably large size distribution. Rectangular pieces of size
8mm 8mm 25mmwere prepared. Fig. 7 shows themachining
proﬁle of the workpiece. Brass wire electrode of diameter 0.25 mm
(Soft) was used for performing the experiments. De-ionized water
was used as the dielectric ﬂuid. The overall length of cut for each
specimen was taken as 34.48 mm {32 þ 1.84 þ (0.16  4)} mm. In
this the free straight cut was 1.84 mm and left offset was taken as
0.16 mm on all four sides. For more precise measurement digital
stopwatch was used for calculating the time taken (in minutes and
seconds) for each experiment. Experiments were conducted thrice
to minimise the chances of error. Material removal rate was
calculated by using the formula:
Material removal rate ðMRRÞ ¼ K:r:t:CR g =min (8)
where, K is the kerf (mm), r is the density (0.00819 g/mm3) of the
material, t is the thickness (25 mm) of the workpiece and CR is the
cutting rate (mm/min). Surface roughness (Ra) was measured using
Mitutoyo SJ400 roughness tester (Fig. 8). Mitutoyo BH.V507 coor-
dinate measuring machine (Fig. 9) and Mitutoyo digital outside
Table 3
L27 Orthogonal array with parameters and interactions assigned to columns.
Run A
1
B
2
A  B
3
A  B
4
C
5
A  C
6
A  C
7
B  C
8
D
9
E
10
B  C
11
F
12
e
13
1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 1 1 1 1 2 2 2 2 2 2 2 2 2
3 1 1 1 1 3 3 3 3 3 3 3 3 3
4 1 2 2 2 1 1 1 2 2 2 3 3 3
5 1 2 2 2 2 2 2 3 3 3 1 1 1
6 1 2 2 2 3 3 3 1 1 1 2 2 2
7 1 3 3 3 1 1 1 3 3 3 2 2 2
8 1 3 3 3 2 2 2 1 1 1 3 3 3
9 1 3 3 3 3 3 3 2 2 2 1 1 1
10 2 1 2 3 1 2 3 1 2 3 1 2 3
11 2 1 2 3 2 3 1 2 3 1 2 3 1
12 2 1 2 3 3 1 2 3 1 2 3 1 2
13 2 2 3 1 1 2 3 2 3 1 3 1 2
14 2 2 3 1 2 3 1 3 1 2 1 2 3
15 2 2 3 1 3 1 2 1 2 3 2 3 1
16 2 3 1 2 1 2 3 3 1 2 2 3 1
17 2 3 1 2 2 3 1 1 2 3 3 1 2
18 2 3 1 2 3 1 2 2 3 1 1 2 3
19 3 1 3 2 1 3 2 1 3 2 1 3 2
20 3 1 3 2 2 1 3 2 1 3 2 1 3
21 3 1 3 2 3 2 1 3 2 1 3 2 1
22 3 2 1 3 1 3 2 2 1 3 3 2 1
23 3 2 1 3 2 1 3 3 2 1 1 3 2
24 3 2 1 3 3 2 1 1 3 2 2 1 3
25 3 3 2 1 1 3 2 3 2 1 2 1 3
26 3 3 2 1 2 1 3 1 3 2 3 2 1
27 3 3 2 1 3 2 1 2 1 3 1 3 2
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various results of the MRR and SR with their signal to noise ratio, as
per designed L27 orthogonal array. Minitab 16 softwarewas used for
ANOVA. Tables 5 and 6 shows the analysis of variance and F test for
MRR and SR respectively.
4. Single response optimization
Material removal rate is ‘the larger the better’ type character-
istic. Fig. 10 shows that the material removal rate (MRR) is the
highest at the third level of pulse-on time (Ton3), ﬁrst level of pulse-
off time (Toff1), third level of peak current (IP3), ﬁrst level of wireFig. 5. Microstructure of Nimonic 80A at 200 (before machining).feed (WF1), third level of wire tension (WT3) and ﬁrst level of spark
gap set voltage (SV1). For surface roughness (Fig. 10) the optimal
values have been obtained with the ﬁrst level of pulse-on time
(Ton1), third level of pulse-off time (Toff3), ﬁrst level of peak current
(IP1), third level of wire feed (WF3), second level of wire tension
(WT2) and third level of spark gap set voltage (SV3). ANOVA test
has been conducted using statistical software 'Minitab 16' to ﬁnd
out the relative signiﬁcance of the individual factors. The optimum
process settings for MRR and SR have been given in Table 8. Using
Taguchi approach, three conﬁrmation experiments for each
machining response have been performed and the average value
has been reported (Table 9).Fig. 6. Microstructure of Nimonic 80A at 400 (before machining).
Fig. 7. Machining proﬁle of the workpiece.
Fig. 9. Mitutoyo BH.V507 CMM.
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The overall mean of the population is: m ¼ 0.04763 g/min
The predicted optimum value of MRR is calculated as,
mMRR ¼ (mTon3 þ mToff1 þ mIP3 þ mWF1 þ mWT3 þ mSV1)  (5m)
¼ 0.1102 g/min
For calculation of CICE, Eq. (9) has been used [19].
CICE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Fað1:feÞ
(
1
neff
þ 1
R
)
Ve
vuut (9)Fig. 8. SJ400 roughness tester.Fa (1, fe)¼ the F-ratio at a conﬁdence level of (1ea) against DOF
1 and error degrees of freedom.
For MRR,
fe ¼ 56,
Fa (1, 56) ¼ 4.02.
Ve ¼ variance of error for MRR ¼ 0.000018
neff ¼
N
1þ Total DF involved in estimation of mean (10)N ¼ total number of experiments
Hence neff ¼ 81/(1 þ 12) ¼ 6.231
R ¼ Number of repetition of experiments ¼ 3
Hence, putting all the values in Eq. (9)
CICE ¼ 0.00597
CICE (MRR) ¼ 0.104 < mMRR < 0.116 (at 95% conﬁdence interval)
Similarly, the optimum values for SR has also been calculated.
The values have been tabulated (Table 8).
5. Multi response optimization
5.1. Using utility concept
The preference scales for material removal rate and surface
roughness were constructed using Eq. (5) and Eq. (6).
For MRR,
Z* ¼ optimum value of MRR ¼ 0.1102 g/min (Table 8)
Z
0 ¼ minimum acceptable value of MRR ¼ 0.01277 g/min.
Using these values along with Eq. (5) and Eq. (6), the preference
scale for MRR is.
Table 4
Experimental data of material removal rate and surface roughness.
S. no. MRR
1
MRR
2
MRR
3
S/N ratio Mean SR
1
SR
2
SR
3
S/N ratio Mean
1 0.0321 0.0320 0.0334 29.7736 0.0325 0.77 0.67 0.75 2.7596 0.7267
2 0.0377 0.0363 0.0366 28.6708 0.0369 0.86 0.85 0.81 1.5290 0.8383
3 0.0350 0.0362 0.0375 28.8310 0.0362 0.54 0.68 0.39 5.1995 0.5367
4 0.0191 0.0190 0.0197 34.3131 0.0193 0.27 0.31 0.43 9.3154 0.3350
5 0.0315 0.0302 0.0313 30.1755 0.0310 0.79 0.91 0.87 1.3291 0.8567
6 0.0299 0.0312 0.0323 30.1412 0.0312 0.78 0.73 0.81 2.2436 0.7717
7 0.0138 0.0152 0.0167 36.4165 0.0152 0.19 0.23 0.22 13.5213 0.2100
8 0.0128 0.0129 0.0137 37.6430 0.0131 0.22 0.24 0.31 11.7669 0.2550
9 0.0179 0.0164 0.0170 35.3545 0.0171 0.71 0.64 0.66 3.4701 0.6700
10 0.0617 0.0586 0.0594 24.4565 0.0599 1.43 1.18 1.12 1.9251 1.2407
11 0.0517 0.0508 0.0504 25.8554 0.0510 1.14 1.02 1.11 0.7334 1.0870
12 0.0705 0.0715 0.0735 22.8778 0.0718 1.37 1.22 1.34 2.3229 1.3050
13 0.0541 0.0494 0.0531 25.6682 0.0522 1.55 1.26 1.19 2.5634 1.3343
14 0.0504 0.0487 0.0503 26.0578 0.0498 1.20 1.15 1.54 2.3175 1.2940
15 0.0339 0.0344 0.0354 29.2363 0.0345 0.85 0.91 0.88 1.1228 0.8783
16 0.0166 0.0152 0.0195 35.4749 0.0171 0.61 0.49 0.53 5.3158 0.5400
17 0.0313 0.0296 0.0304 30.3422 0.0304 1.21 1.09 1.17 1.2605 1.1550
18 0.0260 0.0268 0.0277 31.4379 0.0268 0.89 0.92 0.97 0.6560 0.9267
19 0.0723 0.0734 0.0725 22.7650 0.0727 1.14 1.19 1.49 2.1686 1.2743
20 0.1278 0.1189 0.1242 18.1672 0.1237 1.84 2.34 2.12 6.4854 2.1000
21 0.1061 0.1137 0.1098 19.1944 0.1099 1.73 2.14 2.01 5.8781 1.9600
22 0.0812 0.0835 0.0839 21.6329 0.0829 1.40 1.23 1.72 3.3118 1.4500
23 0.0575 0.0565 0.0545 25.0211 0.0561 1.29 1.25 1.42 2.4246 1.3200
24 0.0987 0.1032 0.1033 19.8567 0.1017 2.13 1.77 1.50 5.1938 1.8000
25 0.0391 0.0382 0.0408 28.1096 0.0394 1.38 1.36 1.29 2.5673 1.3433
26 0.0341 0.0352 0.0361 29.0930 0.0351 1.31 1.36 1.39 2.6307 1.3533
27 0.0388 0.0379 0.0390 28.2738 0.0386 1.33 1.49 1.45 3.0760 1.4233
A. Goswami, J. Kumar / Engineering Science and Technology, an International Journal 17 (2014) 236e246242PMRR ¼ 9:6236 log ZMRR=0:01277 (11)
As the SR is “Lower-the-better” type, the largest value (Table 4)
was considered as the minimum acceptable value for construction
of preference scale.
Calculating for SR,
PSR ¼ 7:7247 log ZSR=2:34 (12)
Assuming that, all the quality characteristics are of equal
importance, equal weights have been assigned to them.
WMRR ¼ weight assigned to MRR ¼ 0.5
WSR ¼ weight assigned to SR ¼ 0.5.
The sum of all the characteristics should not exceed 1.
The value of the composite measure has been calculated using
the Eq. (13);
U ðn; RÞ ¼ PMRR ðn; RÞ WMRR þ PSR ðn; RÞ WSR (13)
where, n ¼ 1, 2… 27; R ¼ 1, 2, 3.Table 5
Analysis of variance (mean value) for MRR (g/min).
Source DF Seq SS Adj MS F P %age
contribution
Ton 2 0.0310911 0.0155455 865.15 0.000 46.09
Toff 2 0.0222424 0.0111212 618.93 0.000 32.97
IP 2 0.0009814 0.0004907 27.31 0.000 1.45
WF 2 0.0005672 0.0002836 15.78 0.000 0.84
WT 2 0.0002972 0.0001486 8.27 0.001 0.44
SV 2 0.0045043 0.0022521 125.34 0.000 6.68
Ton * Toff 4 0.0048007 0.0012002 66.79 0.000 7.12
Ton * IP 4 0.0007602 0.00019 10.58 0.000 1.13
Toff * IP 4 0.0012048 0.0003012 16.76 0.000 1.79
Error 56 0.0010062 0.000018 1.49
Total 80 0.0674555
S ¼ 0.00423894 R-Sq ¼ 98.51% R-Sq(adj) ¼ 97.87%The utility values obtained are reported in Table 7. Fig. 11 shows
the multi response data main effects plot (material removal rate
and surface roughness). The values for process parameters that
results in optimized value of MRR (optimized) and SR (optimized)
using utility concept are at highest value of pulse-on time, wire
feed, wire tension and; at lowest value of pulse-off time and peak
current. Conﬁrmatory experimental results for MRR and SR have
been shown in Table 9. Comparison of single response and multi
response optimization results has been shown in Table 10.6. Results and discussions
By an increase in pulse-on time, discharge energy produced will
be higher, hence more powerful is the explosion, and this results in
increased MRR [22]. Higher cutting speed results in higher value of
surface roughness [20]. Increasing the pulse-on time and peak
current increases the number of electrons striking the work surface
thus eroding out more material from the work surface per
discharge. This fact can be veriﬁed from SEM micrograph (Fig. 12b)
where deep craters and large debris have been observed, whileTable 6
Analysis of variance (mean value) for surface roughness (Ra).
Source DF Seq SS Adj MS F P %age
contribution
Ton 2 12.98307 6.49153 362 0.00 66.70
Toff 2 1.76967 0.88484 49.34 0.00 9.09
IP 2 0.72899 0.36449 20.33 0.00 3.75
WF 2 0.04259 0.02129 1.19 0.313 0.22
WT 2 0.03434 0.01717 0.96 0.39 0.18
SV 2 2.28319 1.14159 63.66 0.00 11.73
Ton * Toff 4 0.13775 0.03444 1.92 0.12 0.71
Ton * IP 4 0.34763 0.08691 4.85 0.002 1.79
Toff * IP 4 0.1325 0.03312 1.85 0.133 0.68
Error 56 1.0042 0.01793 5.16
Total 80 19.46391
S ¼ 0.133911 R-Sq ¼ 94.84% R-sq(adj) ¼ 92.63%
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Fig. 10. Main effects plot (MRR and SR).
Table 8
Single response optimization results.
Method Characteristics Optimal
Condition
Optimal
Value
Single response
optimization
Material
removal rate
Ton3 Toff1 IP3
WF1 WT3 SV1
0.1102 g/min
Surface roughness Ton1 Toff3 IP1
WF3 WT2 SV3
0.16 micron
Table 9
Conﬁrmatory experimental results.
Response
(units)
Predicted
value
Experimental
value
CICE
MRR (g/min) 0.1102 0.1149 0.104 <mMRR < 0.116
SR (micron) 0.16 0.17 0.14 <mSR< 0.18
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current. Similarly, MRR decreases with an increased pulse-off time
and spark gap set voltage. SEM micrograph (Fig. 12a) clearly shows
that a very few craters have been observed, while machining was
performed at high value of pulse-off time, spark gap set voltage and
low value of pulse-on time. From SEM micrograph (Fig. 12c) it is
clear that there is an increase in size of debris with decrease in
pulse-off time and spark gap set voltage and; increase in pulse-on
time when compared to Fig. 12a. From the ANOVA of raw data
(Table 5), it is clear that all the factors have a signiﬁcant effect on
material removal rate. According to Table 5, pulse-on time (46.09%)
is found to be themajor factor affecting the MRR followed by pulse-
off time (32.97%), spark gap set voltage (6.68%), peak current
(1.45%), wire feed (0.84%) and wire tension (0.44%). A very low
value (1.49%) of experimental error has been observed. All the threeTable 7
Utility data for multiple responses.
S. no. Utility data for multiple
responses (MRR and SR)
S/N ratio Mean
R1 R2 R3
1 3.788 4.014 3.919 11.8298 3.9071
2 3.941 3.882 3.980 11.8961 3.9343
3 4.567 4.250 5.256 13.3247 4.6906
4 4.464 4.219 3.746 12.2753 4.1426
5 3.710 3.382 3.534 10.9660 3.5419
6 3.623 3.823 3.719 11.4084 3.7216
7 4.378 4.253 4.529 12.8340 4.3867
8 3.966 3.848 3.536 11.5260 3.7831
9 2.710 2.692 2.725 8.6556 2.7089
10 4.119 4.332 4.448 12.6558 4.2998
11 4.127 4.279 4.121 12.4107 4.1757
12 4.469 4.692 4.591 13.2201 4.5842
13 3.707 3.864 4.113 11.7863 3.8950
14 3.990 3.989 3.566 11.6690 3.8485
15 3.736 3.655 3.770 11.4098 3.7205
16 2.805 2.984 3.379 9.6252 3.0558
17 2.980 3.038 2.975 9.5334 2.9973
18 3.105 3.112 3.099 9.8420 3.1053
19 4.829 4.790 4.386 13.3580 4.6682
20 5.216 4.663 4.920 13.8353 4.9332
21 4.930 4.719 4.751 13.6204 4.8002
22 4.728 5.003 4.451 13.4626 4.7273
23 4.143 4.158 3.869 12.1490 4.0567
24 4.432 4.835 5.114 13.5678 4.7936
25 3.224 3.201 3.424 10.3132 3.2829
26 3.023 3.032 3.045 9.6383 3.0333
27 3.271 3.032 3.137 9.9441 3.1466interactions (Ton  Toff, Ton  IP and Toff  IP) have found to be
signiﬁcant. Similarly the result for SR has been tabulated (Table 6).
For SR, only four factors: pulse-on time (66.70%), spark gap set
voltage (11.73%), pulse-off time (9.09%) and peak current (3.75%)
have been found to be signiﬁcant. Wire feed (0.22%) and wire
tension (0.18%) have found to be insigniﬁcant. A signiﬁcant inter-
action has also been found between pulse-on time and peak cur-
rent. According to ANOVA Tables 5 and 6, it is evidence that wire
tension has not very high signiﬁcant effects on MRR and surface
roughness. Increasing the wire tension controls the effect of wire
vibration and deﬂection. However with increase in wire tension,
the forces acting on the wire electrode may results in dimensional
inaccuracy and increase in MRR [21]. Fig. 10 shows the main effects
plot for material removal rate and surface roughness versus pulse-
on time, pulse-off time (Toff), peak current (IP), wire feed (WF), wire
tension (WT) and spark gap set voltage (SV). According to these
ﬁgures, the material removal rate increased when the pulse-on
time (Ton), peak current and wire tension were increased. Surface
roughness (Ra) is affected by increase in pulse-on time and peak
current. The surface roughness increased with increase in the
pulse-on time. The greater discharge energy produces a larger
crater, causing a larger surface roughness value on the workpiece.
Surface roughness value is mainly inﬂuenced by pulse-on time [21].
The brass wire of cutting tool accelerates depletion, which leads to
generate the built up layer. This increased built-up layer results in a
rougher surface [22]. Wire feed rate and wire tension has negligible
effect on surface roughness. The best value of surface roughness ofeula
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Table 10
Comparison of single response and multi response optimization results.
Method Characteristics Optimal
Condition
Optimal
Experimental Value
Single response
optimization
Material
removal rate
Ton3 Toff1 IP3
WF1 WT3 SV1
0.1149 g/min
Surface roughness Ton1 Toff3 IP1
WF3 WT2 SV3
0.17 micron
Multi response
optimization
Material
removal rate
Ton3 Toff1 IP1
WF3 WT3 SV2
0.0986 g/min
Surface roughness 1.53 micron
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with pulse-on time: 106 ms, pulse-off time: 54 ms, peak current:
80 A, wire feed rate:10 m/min (approx.), wire tension: 9 (1260 g)
and spark gap set voltage: 70 V; and for MRR of 0.1102 g/min at
pulse-on time: 118 ms, pulse-off time: 30 ms, peak current: 160 A,
wire feed rate: 06 m/min (approx.), wire tension: 11(1500 g) and
spark gap set voltage: 30 V. Hence, in Wire EDM of Nimonic 80A,
higher machining rates could not be obtained without sacriﬁcing
on the surface quality. In practice, a compromise between the
various output parameters must be used to determine the input
settings.Fig. 12. a)Microstructure of the sample machined at low input energy rate (Exp. No. 7),
b)Microstructure of the sample machined at high input energy rate (Exp. No. 20), c)
Microstructure of the machined sample at Experiment no. 13, Table 3 (Ton: 112 ms, Toff:
42 ms, IP: 80 A, SV: 30 V, WF: 10 and WT: 7).7. Microstructure and recast layer thickness of the machined
samples
The investigation of the microstructure of machined work
surface was performed for assessment of the surface quality ob-
tained using WEDM process. The Specimens were observed with
scanning electron microscope (Hitachi S-3400N) with an accel-
erating voltage of 10.0 kV. Three samples were selected for
microstructure observation, one sample was machined at exper-
imental condition corresponding to high input energy rate (Exp.
No. 20, Table 3), where pulse-on time is set at its highest level,
pulse-off time being at lowest level, while peak current has in-
termediate level. Another two samples were machined at exper-
imental condition corresponding to low (Exp. No. 07, pulse-on
time at lowest level, pulse-off time at highest level and peak
current at lowest level) and moderate (Exp. No. 13, pulse-on time
at medium level, pulse-off time at medium level and peak current
at lowest level) input energy rate (Table 3). The microstructures of
the samples have been depicted in Fig. 12a (Microstructure of the
sample machined at low input energy rate), Fig. 12b (Micro-
structure of the sample machined at high input energy rate) and
Fig. 12c (Microstructure of the sample machined at medium en-
ergy rate: Experiment no. 13). This can be observed that (Fig. 12b)
the high value of applied erosive power caused the formation of a
rough surface as deep holes are apparent on the surface. These
may be the places where individual discharges were able to
penetrate far into the workpiece. It is possible that a high energy
pulse vaporizes a large amount of metal on the initial discharge.
Smaller current discharges might only remove a small amount of
metal initially, but a larger percentage is heated to the melting
stage and gets redeposit back on the surface as recast layer. A lot
of built-edge layers are also visible. By an increase of the pulse-on
time, discharge energy produced will be higher, hence more
powerful is the explosion, and this results in increased MRR and
accelerated depletion of brass wire; the residual particle of brass
wire get adhered on the cutting surface and results in rougher
surfaces. At higher peak current, the impact of discharge energy
on the surface of workpiece becomes greater, and thus resulting
erosion leads to the increase in deterioration of surface roughness.
It is evident that (Figs. 10 and 12b) the high value of pulse-on timeand peak current results in formation of a rough surface as deep
craters are apparent on the machined surface. During machining,
spark erodes a small portion from the workpiece and wire elec-
trode. A portion of this molten material is ﬂushed away by the
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surface layer known as the recast layer. In other words, it is
redeposition of the bits of the removed material. The recast layer
thickness depends upon the pulse energy and pulse duration. Its
thickness increases with decrease in pulse-off time, increase in
pulse-on time and increase in peak discharge current. Decrease in
sparking frequency also results in more erosion and thick recast
layer. With high pulse-on time, large craters and thick debris are
formed on the surface. The machined surface quickly reaches
solidiﬁcation temperature by the dielectric ﬂuid. During
machining some air bubbles are entrapped in the melted region
and results in foamy and porous layer on the surface. Fig. 13a and
b shows the recast layer of the machined sample at experiment
no. 7, Table 3 (Ton: 106 ms, Toff: 54 ms, IP: 80A, SV: 50 V, WF: 10 and
WT: 11) and Recast layer of the machined sample at experiment
no. 20, Table 3 (Ton: 118 ms, Toff: 30 ms, IP: 120 A, SV: 30 V, WF: 6
and WT: 11) respectively. Fig. 13b shows that by the greater en-
ergy release during each spark, the molten material quantity is
greater, resulting in resolidiﬁcation to form the recast layer. The
recast layer (Fig. 13b) is nearly double when compared with
Fig. 13a.Fig. 13. a) Recast layer of the machined sample at Experiment no. 7, Table 3 (Ton:
106 ms, Toff: 54 ms, IP: 80 A, SV: 50 V, WF: 10 and WT: 11), b) Recast layer of the
machined sample at Experiment no. 20, Table 3 (Ton: 118 ms, Toff: 30 ms, IP: 120 A, SV:
30 V, WF: 6 and WT: 11).8. Conclusions
In this research, the experiments have been planned and con-
ducted in order to investigate the effects of cutting parameters on
material removal rate and surface roughness in the WEDM process.
It can be concluded from this work that Nimonic-80A is fairly
machinable using WEDM Process. Optimized process conditions
have been obtained for two responses- MRR and surface roughness
using both Single response optimization and Multi response opti-
mization techniques. Following conclusions could be drawn from
this investigation:
1. All the factors investigated in the study have been found to be
statistically signiﬁcant for their effect on material removal rate.
The percent contribution of pulse-on time (46.09%) and pulse-
off time (32.97%) have been found to dominate other factors
such as spark gap set voltage (6.68%), peak current (1.45%), wire
feed (0.84%) and wire tension (0.44%). All two factor interactions
(pulse-on time  pulse-off time, pulse-on time  peak current
and pulse-off time  peak current) investigated in the study are
also highly signiﬁcant, for MRR as response.
2. The optimized value of surface roughness obtained through
single response optimization has been found to be as low as 0.16
micronwith percent contribution of pulse-on time (66.70%) and
spark gap set voltage (11.73%) have been found to dominate
other factors such as pulse-off time (9.09%), peak current
(3.75%), wire feed (0.22%) and wire tension (0.18%). Only one
interaction (pulse-on time  peak current) has been found to be
signiﬁcant for roughness as response. Except wire feed rate and
wire tension, all factors have been found to be signiﬁcant for
their effect on surface roughness. Only one interaction (pulse-on
time  peak current) has been found to be signiﬁcant for
roughness as response. Except wire feed rate and wire tension,
all factors have been found to be signiﬁcant for their effect on
surface roughness indicating the capability of WEDM for
generating highly ﬁnished surfaces.
3. As per within the range of the factors investigated in the study,
best MRR (0.1102 g/min) was obtained at higher value of pulse-
on time: 118 ms, input current: 160 A, wire tension: 11 (1500 g)
and; at lower values of pulse-off time: 30 ms, wire feed: 6, spark
gap set voltage: 30 V.
4. As per within the range of the factors investigated in the study,
best SR (0.16 micron) was obtained at higher values of pulse-off
time: 54 ms, spark gap set voltage: 70 V, wire feed: 10 and lower
values of pulse-on time: 106 ms, input current: 80 A, wire ten-
sion: 9 (1260 g).
5. As per the results of the multi response optimization the values
for process parameters that results in optimized value of MRR
(optimized) and SR (optimized) are; pulse-on time: 118 ms,
pulse-off time: 30 ms, input current: 80 A, wire feed: 10, wire
tension: 11 (1500 g) and spark gap set voltage: 50 V.
6. The microstructure investigation of the samples machined at
experimental condition corresponding to high energy input rate
has revealed a strong co-relation between the surface quality
and energy input rate. The samples machined at high energy
input condition exhibited rougher surface with lot of built-edge
layers, whereas the better surface quality was obtained under
low energy input conditions.Acknowledgements
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